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THE MACROMOLECULAR PARAMETERS OF ASCITES
TUMOR CELL H-RNA

SUMMARY

A concerted analysis of sedimentatjon, light scattering and small-angle X-ray-scat-
tering data on high-molecular-weight Ehrlich ascites tumor cell RNA has been carried
out. The three sets of data have been found to be in quantitative agreement with
a compact structure consisting of short double-helical rodlike subunits, which account
for 9o % of the RNA mass.

INTRODUCTION

Recent developments in the theories of scattering of electromagnetic radiationl.? as
well as of the hydrodynamics of madromolecules in solution3-5 have greatly extended
the possibility of quantitative comparison of results obtained by unrelated techniques
and, thus, of the quantitative verification of conclusions about the structure of macro-
molecules reached from experiments|that are based on different physical phenomena.
Such an analysis has been carried out recently in the case of the globular protein,
B-lactoglobulin, in which the thermodynamic light-scattering information® was used
to predict hydrodynamic”:8 (sedimentation) and electrokinetic? (electrophoresis) para-
meters, while geometric small-angle X-ray-scattering parameters® were used to verify
quantitatively structural information inferred from the hydrodynamic? behavior of
the molecules in various states of ag; regation. It is the purpose of this paper to report
on a similar analysis of structural data obtained from light scatteringl®11, small-angle
X-ray scattering!?.13, sedimentation}* and viscosity* with a large biological macro-
molecule, namely Ehrlich ascites tumor cell H-RNA. Specifically it will be shown how
a detailed structural model deduced|from small-angle X-ray-scattering data can be
compared with the light-scattering radius of gyration as well as the sedimentation
distribution and the intrinsic viscosity of the system. A similar comparison between
light scattering and sedimentation data has been described by BERNARDI ¢ al.15, for
the rigid-rod degradation product of DNA. '

Abbreviation: H-RNA, high-molecular-weight RNA.
Eastern Utilization Research and evelopment Division, Agricultural Research Service.
U.S. Department of Agriculture.
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EXPERIMENTAL INFORMATION

Ehrlich ascites tumor cell H-RNA was first prepared by COLTER AND Browx!, who
showed it to have an intrinsic viscosity of 0.40 dl/g and to consist reproducibly of two
ultracentrifugal components, 63 % of the material sedimenting with a sedimentation
coefficient of 34 S and 37 P, with an sy, 4 value of 18 S in a pH 7, 0.15 ionic strength
medium. Light-scattering measurements!®.11 in the same medium gave a weight-
average molecular weight, My, of 1.4-10% and a Z-average radius of gyration of
335 & 40 A, indicating compact structure. Small-angle X-ray-scattering exami-
nation of the same material!2.13 revealed an extended secondary structure in the same
medium, as well as after dialysis against distilled water: go % of the mass of ascites
tumor cell H-RNA consists of an array of rods with a radius of-gvration about their
axis, Re, of 8.0 A and an average length of approx. 100 A. If a partial specific volume,
v, of 0.58 is used*, the miass per unit length of the rods, M/L, can be calculated to
be 210, which corresponds well to a structure such as a WaTsox—CrIck double helix,
with ribose in place of depxyribose. Typical structures consistent with these results
are represented schematically on Fig. 1, where I is a zig-zag chain of rods, II is a
cross-linked compact array of the rods, III is a branched polymer type of structure.
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1 I m

-RNA structure seen by small-angle X-ray scattering; I, zig-zag
I1, cross-linked polymer; 111, branched polymer.

7ig. 1. Schematic models of
chain of rods

served both in light scattering and small-angle X-ray-
, on standing, the superstructure of the H-RNA degraded.
\fter several days, the breakdown product became stabilized at an angular distri-
nution of the X-ray-scattering characteristic of short rigid rods having R = 8.0 A. .
"he molecular weight, M, and radius of gyration, R, of these rods can be obtained by
lotting the logarithm of the small-angle X-ray-scattering intensity, jn(s), as a function
f the square of the angular parameter, s, in the usual GUINIER plot!6.17,

It was furthermore
cattering experiments tha
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STRUCTURAL ANALYSIS

On the basis of the small-angle X-ray-scattering data on the fresh and degraded
RNA'’s, the structural model of H{RNA was taken as an array of short rods, such as
the structures shown on Fig. 1, with the structural subunit rodlets having parameters
identical with those of the degradation product (M = 16400;!= 78 A;r = 11.3 A;
¥ = 0.58). From this, the sedimenﬁation and light-scattering parameters of the un-
degraded structure were calculated|using the equations of HEARST AXD STOCKMAYER?,
Zim axp Kiep! and HERMANs XD HErRMaNs!. Since H-RN A is not a monodisperse
system and for polvdisperse svstems these theories require a knowledge of various
types of averages, a molecular weight distribution had to be obtained first. This was
done by combining the equations ¢f GIERER? and SUEOKA2L

While a number of relations between the molecular weight and hydrodynamic
parameters of macromolecules hag been proposed??, the tirst being that of SADRON33,
in the present case the equation |of GIERER®, developed specifically for H-RXNA,
was chosen as most appropriate.| According to GIERER, the molecular weight of
H-RNA is related to the sedimentdtion coefficient by

M = qs22 (4)

Then, for a polvdisperse systeni, the weight-average molecular weight My =
a2C;si*2[2C;, where a is a constant depending only on the medium, and C; and s;
are the concentrations and sedimentation coefficients of the sedimenting components
i*. Using the bimodal distribution jobserved for this H-RNA and the light scattering
M, = 1.4-10%, a is found tc have a value-of 824, while the molecular weights of the
34-S and 18-S components come out at 1.g-10% and 3.0-10%. The molecular weight
distribution calculated by the method of StEokA?! using the GIERER-type relation,
M = 824s2, (taking areas in increments of 1 S unit) is shown in Fig. 3. This dis-
tribution, independent of assumptjons on molecular structure?, presents a bimodal
pattern, composed of two fairly sharp principal fractions. If, as a first approximation,
the system is regarded as consisting of two compenents, the A /M, values listed in
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Fig. 3. Molecular weight distribution of Ehrlich ascites tumor cell H-RNA.
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* This relation has been verified for Various H-RNA's by a number of investigators!s-24.25,



~ S. N. TIMASHEFF

where 0 is the angle formed between the incident and scattered beams, 1 is the wave-
length of the radiation and ¢(s) is a residual function expressing the deviation of the
scattering from an exponential relation at higher angles. The results obtained with
the degradation product are shown in such a plot in Fig. 2. From the slope, the radius
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of gyration, averaged over all axes of rotation, R, is found to be 18.9 A. Neglecting
virial and multicomponent effects, the molecular weight, M, can be calculated from
the intercept, jn(0) by":18 : '

Na .
M = Gt 437

where N4 is Avogadro’s number, p, is the electrion density of the solvent (electrons-
A-3), Ce is the concentration expressed as the rdtio of the number of electrons in the
solute to the total number of electrons in the solution,  is the electron partial specific
volume of the solute (A3-electrons=) and Qs is [the ratio of the number of electrons
to the mass of the molecule. Using this equation, the data of Fig. 2 result in a degra-
dation product molecular weight of 16400, when a value of 0.58 is used for 7 (7 =
10* Qgsy). Rigid rods of such molecular weight and % and a radius of 11.3 A (which
corresponds to R = 8.0 A) have a length, /, of 78 A. The radius of gyration, R, of
a short rod, averaged over all three axes of coordinates, is given by

+ g)] (3)

Introducing the above values of » and / into Eqn| 3 results in a calculated R of 19.5 A,
which is in good agreement with the experimental value of 18.9 A. Sedimentation
experiments on the ascites tumor cell RNA breakdown product have shown it to
sediment as a single sharp peak?3, with s, , = 3.4 S*.

* In recent experiments!® on the degradation kinetics of similar preparations of RNA from rat
liver, it was observed that s,q, « decreases rapidly for the first 24 h, indicating a rapid decrease in
molecular weight. This is accompanied, however, only |by a slight release of alcohol-soluble low-
molecular-weight product. After 3 days the molecular| weight does not change any further, as
indicated by the constancy of the attained value of s,q, {. In this respect these kinetics are similar
to those reported by BERNARDI ef al.’ for the degradation of DNA.
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for small-angle X-ray scattering. ince the information yielded by the two techniques
is described by Eqn. 6, the only ifference being in range of s covered, the two sets
of data should form a continuous curve of intensity as a function of s.
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Fig. 4. Light scattering and small- ngle X-ray scattering of H-RNA. Circles: light-scattering

experimental points, 0.043 g/1; solid line: GUINIER plot fit of these points; dot—dash line: theore-

tical scattering from zig-zag chain (] ErRMANS—HERMANS); dashed line: small-angle X-ray-scat-
ering data, at 16.1 g/l

A simultaneous plot of the [two sets of scattering data is shown in Fig. 4, where
the intensity, expressed as appa ent molecular weight, is plotted as a function of s*.
Theoretical scattering curves ¢ lculated for the Gaussian region (Eqn. 1) and for
a zig-zag chain, according to the equation of HERMANS AND HERMAXS!, are plotted
for comparison. As expected, t light-scattering points, obtained at a concentration
of 0.043 g/l, follow closely the] exponential relation in the region of lower angles.
Above 100° they begin to deviate upward, as expected from Eqn. I. The X-ray-scat-
tering data fall above the curve calculated with the HerMaNsS—HERMANS equation,
which is not surprising since in it the width of the rod is not taken into account. In the
region of s below 3 10-3 A1, the X-ray data, obtained at a concentration of 16.X g/l
rise gradually and display a general tendency toward the light-scattering data,
reflecting the contribution to the small-angle X-ray scattering of the superstructure
of the H-RNA which is the onl feature seen by light scattering. Since the two sets of
data are taken at finite concentration, and virial effects are neglected, they can be
considered to be in reasonable agreement, confirming the mutual consistency of the
two sets of measurements.

* In the case of light scattering this is simply 1/(Kc/Re)- In X-ray scattering this involves
transformation of the experimenta intensity, fa(s), measured for “infinite slit’”’ collimation and
reported previously??, to the intensity, ia(s), for “‘point source” collimation. This is accomplished
by numerical integration of the rel tion16:17:
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Table I are obtained. The My/M, ratios o
fractions, respectively, indicate little polydis
of the above treatment in terms of the GIER

TABLE

CALCULATED MOLECULAR P/

persity in either and
ER equation.

SHEFF

1.13 and 1.02 for the light and heavy
justify the validity-

I

ARAMETERS OF 'H-RNA

18-S fraction 34-S fraction Total
My 4.79° 10° 1.88 108 1.41-10%
My 4.23+10% 1.84-108 8.73-10%
Mo/ M, 1.13 1.02 1.62
(R%)2 (A) 177 343 329
(RE)1/2 (A) 159 336 230
(B2 (A) exptl. — C— 335 + 40

Calculation of light-scattering parameters

Taking for structural model the array o
the degradation product, the light-scatteri
calculated for Structure I of Fig. 1. HERMA
a zig-zag chain, the radius of gyration, R, i
I, and their number, N, by '

R = (1/4/8) (N —

rods with the molecular parameters of
g radius of gyration distribution was
s AND HERMANS! have shown that, for
related to the length of the stiff rods,

I+ 1/2N)L2 ()

Values of R were calculated according t

‘ o this equation at increments of N = 1
over the entire molecular weight distributig

n of Fig. 3. The average of the light-

scattering radius of gyration is

v
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z
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This quantity was evaluated and the results
the main fractions individually and for the ent
radius of gyration is 329 A. This compares well
A further direct verification of the consis
X-ray-scattering data was carried out. Thes
representing a continuous manifestation of
distribution of scattering of both X-rays an|
DEBYE equation? o
I
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B
z
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)1/2

are summarized in Tzible I for each of

ire RNA. The calculated overall average

with the observed value of 335 4 40 A.
ency of light scattering and small-angle
e two techniques are complementary,
the same phenomenon®. The angular

d visible radiation is described by the

(7)

27V

where B is the total number of scattering elements in the particle, 75 is the distance

between elements 7 and § and s has its previoy
wavelength of radiation used (light scattering:
the ranges of s covered by the two are differ
molecular dimensions is also different: above

s meaning. Due to the difference in the
3000-5000 A ; X-ray scattering: 15 A),
ent and consequently the resolution of
1000 A for light scattering; 10~1000 A
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assumed in further calculations to be monodisperse, as a first approximation. One
then calculates weight-average sedimentation coefficients of 32.6 S and 17.2 S, which

compare well with the exp|

rimental values of 34.2 S and 17.6 S.

Continuing the analysis in terms of a zig-zag chain (or random coil of rods),

the theoretical value of t
weight distribution of Fig.

where @ is a universal co1
number average radius of g

r

I8

intrinsic viscosity [7], was calculated for the molecular
3. According to FLorRY?, for a random coil

63/2 @(R2!1)3/

2

(0!

tant equal to 2.1-10%. Introduction into Eqn. g of the
vration and molecular weight, given'in Table I, results in

[9] = 0.43 dl/g, close to the experimental value of 0.40.

Model III of Fig. 11is 4
sedimentation coefficient o
made using the theory of
models discussed by thesg
branches radiating from a
branched polymer with tri

In the first case, ZIMM
(#1p, and randomly coiled,

}
f
I\

g = [nh/

In the second case, g’
molecule, by

)

Assuming H-RNA to be a
78 A, the values of f and
58 and 15. This leads to va
and of 0.55 and 0.71, for th

For the sedimentation
product s[7]*/3 will be ident
molecular weight, an assun
sedimentation coefficient of

e = (5

branched polymer. While no equation is available for the
a branched structure, an approximate calculation can be
riscosity of branched polymers of Zimm axp KiLet Two
authors will be treated: a non-draining polvmer with
central segment (the ‘‘star’ structure) and a randomly

functional branch units.
AND KiLB find that the intrinsic viscosities of the branched,
(77} ¢, polymiers are related to the degree of branching, f, by:

- - (10)

3/2 :
f) {0.390 (f — 1) + 0.196}/0.586

s related to m, the average number of branched units per

= [(1 + m/7)12 + gmjox;71H (11)

branched structure with all branches of equal length at
for the two fractions with My = 1.9-10% and 5.0-10% are

ues of g’ of 0.245 and 0.503, for the star-shaped molecule,

e randomly branched model.

coefficient calculation, the assumption was made that the

ical for coiled and branched structures of identical # and

nption which seems to be generally in use??. Then, the

the branched structure, sp, is given by

= se([nle/[n]v)*/? (12)

Sb

where s¢ is the sedimentatipn’ coefficient of the randomly coiled structure. Using the

KIRKWOOD~RISEMAN equ
the two main fractions of 1
together with the above val
coefficients of the two mair
shaped, and of 37.2 and 18.
reasonably with the experii

While it is difficult to
in terms of the degradatio

g

ion?®, s, values of 30.5 S and 16.6 S were calculated for
he RNA. Substitution into Eqn. 12 of these values of s,

ues of g’ results in 48.8 S and 20.9 S for the sedimentation
1 fractions of the RNA, if the branched molecule is star

7 S, for the randomly branched model, which compares

mental values.

account for the rod-like breakdO\\n product of H-RNA

n of a continuous worm-like chain; this model has been
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CALCULATED

TABLE 1I

HYDRODYNAMIC PARAMETERS OF H-RNA

Slow fraction  Rapid fraction Total

_Sw, zig-zag chain

17. 32.6 20.9

Sw, branched polymer, “star”’ 20.9 48.8 38.4
Sw, branched polymer,

random trifunctional 18.7 37. 30.3

sw, wormlike chain 14.3 29.3 23.8

Sw, experimental 17.60 34.2 281

2, zig-zag chain — — 0.43

“)-, experimental — - o040

cule in solution. This figure,
servable at a resolution of 3

Comparison of the hyp
polyribonucleotides with H-I
as an indication that H-RNA
similar to that deducible fro

R

m

FRESH RN
_ SOLUTION

Fig. 6. Schematic representation of|
a diameter of 300 A, and correspo

analysis of Ehrlich ascites tumc
permits a degree of base paitin
experimental values of 85-go ¢
of the types described by Dong
observations similar to those d
In that RNA the amount of b

In conclusion, the present

dynamic and electromagnetic ¢
based on the rigid-rodlet substry

and electromagnetic scattering
unique structure to H-RNA in
rodlet substructure is highly pro

contains an amount of WaTsox

hd to the degree of resolution of

furthermore, shows to scale the amount of detail ob-
0 A in the small-angle X-ray-s
chromic and optical rotatory properties of s

cattering region.

vnthetic
as been interpreted
~CRIck double helix36.45
-scattering measurements. Base

NA’s from various sources3: 36,45 h

the small-angle X-ray

—

AFTER STANDING
3 WEEKS AT 25°¢

the degradation of the H-RNA array of rods. The circles have

the small-angle X-ray-scat-
tering experiments. ’ ’

1 cell H-RNA, carried out by BRowx and co-workers37,
& as high as 91 %, This is sufficient to account for the
» especially when supplemented by occasional pairings
HUE AND TRUEBLOOD®. Small-angle X-ray-scattering
escribed here have been made also on E. coli RNAB,
ase pairing theoretically possible is 87-89 939,40,

analysis has resulted in consistency between hydro-
cattering data when a detailed structure of H-RNA
cture was used. The present analysis of hydrodynamic
data, however, has not led to the assignment of a
terms of a single hydrodynamic model, although the
bable. It is very likely that the actual overall structure

(mutual conic:mation of the ro

TS) does not correspond to any of the simple models



shown recently also to be consistent?

where y = L/p and L is the contour length of the chain. Using a mass per unit length
of 210, the two main “components’ of RNA have values of L of 9.05-10% A and
2.4-10% A, which results in p = 38.5and 38 A, respectively, and X = 235 and 63. For
the case of the present system, the sedi entation coefficient of g wormlike chain has
been shown by HEARST AND STOCKMAYERS to be given by
mo(T — ip)
S =

T { I+ (a/)

. [ln —;— 2431 + 1.843 (AN)1/2
0

to that of the rodlets, . 3 A, and a lengt equal to half the persistence length, 19 4,
or about one-fourth that of the rodlets, results in N — 476 and 126 for the heavy
and light fractions, respectively, 1/4 — ) Mg = 6.64-10~21 8 and @ =188 A. The
frictional coefficient, @o, of the cylindrica element was calculated by the method of

HALTNER aND Z1Mm3®, i.e., it was taken to be equal to the frictional coefficient of an

DISCUssIoN

The calculated sedimentation coefficients of|the two main fractions of ascites tumor
cell H-RNA at PH7 (I =01 5) are compared|with the experimental values in Table IJ.
Of the specific models examined, those of [the zig-zag chain and the trifunctional
branched polymer are in closest agreement with the €xperimental valye. While the
experimental data indicate that the rodlets account for at least 90 % of the mass of
RNAS32, the Present analysis was carried out|on the basis of 100 %- Examination of
the equation used in the present calculations, ¢g., Eqns. 5 and 8, reveals that the
error introduced by this degree of uncertainty is small, and certainly well below the
differences between barameters obtained for tHe various structures, [t would seem then
that, from the point of view of geometric structure, the observed degradation?!,13,33
can be described best by events such as those depicted on Fig.6,i.c., by the destruction

of the flexible joints between the rods leaving the intact rodlike nartinng of the mole-




S. N. TIMASHEFF
treated here, but is probably a complicate
probably of Models I and III of Fig. 1. The i
the organized double-helical regions observe
and in ribosomes?? persist when the RNA is
at pH 7. The deduction of a unique detailed
of the rods to form the large molecule, how
experimental data, as well as further exten

d hybrid of several such structures, most
mplication is rather strong, however, that
d in RNA gels*!, RNA - protein mixtures#?
dispersed in solution in 0.15 ionic strength
overall structure, 7.e., of the arrangement
ever, must await the availabilitv of more
sion of macromolecular theory.
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